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Abstract 16 
As antibiotic-resistant bacterial strains emerge and pose increased global health risks, 17 
new antibacterial agents are needed as alternatives to conventional antimicrobials. Naturally 18 
occurring antibacterial clays have been identified which are effective in killing antibiotic 19 
resistant bacteria. This study examines a hydrothermally formed antibacterial clay deposit near 20 
Crater Lake, Oregon (USA). Our hypothesis is that antibacterial clays buffer pH and Eh 21 
conditions to dissolve unstable mineral phases containing transition metals (primarily Fe
2+
) while 22 
smectite interlayers serve as reservoirs for time release of bactericidal components. 23 
Model pathogens (Escherichia coli ATCC 25922 and Staphylococcus epidermidis ATCC 24 
14990) were incubated with clays from different alteration zones of the hydrothermal deposit. In 25 
vitro antibacterial susceptibility testing showed that reduced mineral zones were bactericidal, 26 
while more oxidized zones had variable antibacterial effect. TEM images showed no indication 27 
of cell lysis. Cytoplasmic condensation and cell wall accumulations of <100nm particles were 28 
seen within both bacterial populations. Electron energy loss analysis indicates precipitation of 29 
intracellular Fe
3+
-oxide nanoparticles (<10 nm) in E. coli after 24hrs. Clay minerals and pyrite 30 
buffer aqueous solutions to pH 2.5 – 3.1, Eh >630 mV and contain elevated level (mM) of 31 
soluble Fe (Fe
2+
 and Fe
3+
) and Al
3+
. Our interpretation is that rapid uptake of Fe
2+
 impairs 32 
bacterial metabolism by flooding the cell with excess Fe
2+
 and overwhelming iron storage 33 
proteins. As the intracellular Fe
2+
 oxidizes it produces reactive oxygen species that damage 34 
biomolecules and precipitates Fe-oxides. The ability of antibacterial clays to buffer pH and Eh in 35 
chronic non-healing wounds to conditions of healthy skin appears key to their healing potential 36 
and viability as an alternative to conventional antibiotics. 37 
 38 
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Introduction 41 
Emergence of antibiotic-resistant strains of bacteria presents a burgeoning global human 42 
health crisis. Traditional antibiotics, as organic molecules, inhibit DNA replication, protein and 43 
cell wall synthesis (Isakow et al., 2006) and many pathogens (e.g., Methicillin-resistant 44 
Staphylococcus aureus; MRSA) subsequently developed robust antibacterial resistance 45 
mechanisms. As a result, alternative therapies against bacterial infections have gained attention. 46 
Clay minerals, although used for medicinal purposes throughout millennia, have remained 47 
largely unstudied for their applications and reported medical benefits (Carretero, 2002; Ferrell, 48 
2008). Recent evidence reveals that certain clay mineral deposits that release soluble transition 49 
metals (when applied hydrated) have the ability to kill pathogenic bacteria growing in chronic 50 
skin infections (Brunet de Courssou, 2002, Williams et al., 2004; 2008). The use of metals as 51 
antimicrobial agents is growing (Lemire et al., 2013) and understanding the biochemical and 52 
geochemical mechanisms producing their antimicrobial effect is key to discovering new 53 
antibacterial mineral and metal compounds (Williams et al., 2011). 54 
 Previous studies of French green clays demonstrated highly effective antibacterial 55 
properties that were successfully used in treating Mycobacterium ulcerans, the causative 56 
pathogen of Buruli ulcers (Williams et al., 2004, 2008). Treatment with daily applications of 57 
hydrated clay poultices healed infection over the course of 3 months or more, by daily 58 
applications (Brunet de Courssou, 2002). These clays demonstrated a unique capacity to kill 59 
bacteria while promoting skin cell growth (Williams et al., 2004; 2008). Aqueous leachates of 60 
French green clays (deionized water shaken with minerals for 24 hours) were also antibacterial. 61 
The leachate exhibited alkaline pH ≥9.8 when prepared at a ratio of 100 mg clay/ml water then 62 
centrifuged to remove minerals. Unfortunately, the source of the French green clay minerals 63 
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became depleted and subsequent testing of newer samples showed no bactericidal effect. 64 
Research on these French green clays spurred testing on various clay deposits, and identification 65 
of several deposits that displayed antibacterial properties against a broad spectrum of human 66 
pathogens, including antibiotic resistant strains (Cunningham et al., 2010; Williams and Haydel, 67 
2010; Williams et al., 2011). To date, the most effective antibacterial clays studied originate 68 
from hydrothermally-altered regions near Crater Lake, Oregon, USA; marketed by Oregon 69 
Mineral Technologies (OMT). 70 
In vitro antibacterial susceptibility testing of samples from the OMT deposit proved some 71 
to be bactericidal against a broad spectrum of bacteria, including methicillin resistant S. aureus 72 
(MRSA) and extended spectrum beta lactamase resistant E. coli (ESBL) (Cunningham et al., 73 
2010; sample CB07). Unlike the previously studied French green clays, all the antibacterial 74 
mineral suspensions examined from OMT have low pH (2.5-4.0). Williams et. al., (2011) 75 
indicated iron uptake by E. coli cells upon reaction with OMT leachates. They first proposed that 76 
the chemical interaction between the clay leachates and the bacteria led to bactericide. 77 
Additionally, they proposed that the clay minerals buffer the pH and oxidation state to promote 78 
Fe
2+
 solubility thereby initiating a chemical attack via the Fenton reaction. However, the redox 79 
state of the iron was never directly measured. Bacterial iron assimilation occurred concurrent 80 
with formation of large cytoplasmic voids and possible intracellular Fe
3+ 
precipitation upon cell 81 
death (Williams et al., 2011).  82 
Following this study, it was clear that more work was needed to evaluate how clays that 83 
differed in mineralogy, leachate chemistry, pH buffering capacity and redox state affected the 84 
bactericide. Here we examine the detailed mineralogy of clays across the OMT deposit, the 85 
oxidation state of mineral suspensions, and the solution chemistry in relation to antibacterial 86 
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effectiveness against model gram-positive and gram-negative bacteria. By measuring the cation 87 
exchange capacity of the clays, we further evaluated the role of the clay minerals in the 88 
antibacterial process. We find that the mixed-layered clay assemblage within the OMT 89 
antibacterial zones, buffer aqueous solutions to low pH (2.5 – 4) and produce redox conditions 90 
that promote iron sulfide dissolution, generating aqueous metal species involved in the 91 
antibacterial process. The results show that mineralogical and geochemical variations across 92 
mineral alteration zones within OMT deposit produce variable bactericidal effects.  These results 93 
will ultimately guide our understanding of important mineralogical constraints for identifying 94 
natural, mineral based alternative antimicrobial agents.  95 
Materials and Methods 96 
Geologic setting and mineral samples 97 
Understanding the geological environments that produce antibacterial minerals is important 98 
for identifying other promising reserves and for evaluating the geochemical diversity within 99 
specific deposits that coincide with bactericidal activity. The Oregon Mineral Technologies 100 
(OMT) clay deposit, located in the Cascade Mountains, (Douglas Co., OR) near Crater Lake, is 101 
formed near volcanoes that have been active for tens to hundreds of thousands of years (Bacon et 102 
al., 1996). This region is blanketed with volcanically-derived pyroclastic and ash deposits. 103 
Ferrero (1992) estimated geologic ages of OMT clay between 20-30 million years, much older 104 
than the deposits of Mt. Mazama, which erupted only 7700 years ago (USGS 2006) to form the 105 
Crater Lake caldera (Bacon et al., 1996). However, regional volcanic eruptions over the last 106 
~70,000 years produced silica-rich magmas and generated hydrothermal waters that may have 107 
contributed to the alteration of volcaniclastics in the OMT deposit.   108 
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Reconnaissance geologic mapping of the deposit (Ferrero, 1992) showed that regionally, 109 
dacite and andesite altered to illite-smectite, pyrite and quartz along a major NW-SE trending 110 
fault. The alteration zones are exposed along a fault that defines the Foster Creek drainage. To 111 
the west, the OMT clay is covered by younger capping basalt, and to the east the deposit is 112 
bound by a N-S trending fault zone aligned with the Rogue River drainage.  113 
Samples for this study were taken from the main OMT open pit (#10). The primary host 114 
rock in this pit is a porphyritic andesite that has been hydrothermally altered to three main zones 115 
showing variations in oxidation conditions (redox) (Fig. 1). Oxidized red and white alteration 116 
zones found throughout the upper part of the deposit exposed in pit #10, range in thickness from 117 
3 to 9 meters. Un-oxidized blue clays are pervasive stratigraphically beneath the oxidized zones 118 
and, in some regions reach a thickness of 600m (Ferrero, 1992). Four representative samples 119 
were selected from the open pit for this study; two blue samples with variable antibacterial 120 
effectiveness were chosen, Blue 1, Blue 2, along with White and Red samples representing the 121 
major alteration units within this hydrothermal deposit. 122 
Elemental sulfur, found in lenses stratigraphically below pit #10, exist in areas where 123 
sulfur mining occurred in the early 1900’s. Highly sulfide-rich clay is black and associated with 124 
lenses of elemental sulfur but it was not exposed in the pit #10 sampled for this study. However, 125 
the mineral assemblage and presence of elemental sulfur are common in low-sulphidation 126 
epithermal alteration zones with low salinity, gas-rich (CO2 and H2S) reducing solutions ranging 127 
in temperature from 150-300°C (Sillitoe and Hedenquist, 2003). 128 
 129 
 130 
 131 
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Mineral analysis 132 
X-ray Diffraction 133 
Oriented clay samples were prepared (<2.0 µm Na-exchanged) in air-dried and ethylene 134 
glycol saturated form to determine the mixed-layered illite-smectite content (Moore and 135 
Reynolds, 1997). X-ray diffraction was performed using a Bruker D8-Focus diffractometer 136 
(ASU X-ray diffraction facility) with CuKα radiation. XRD patterns of mixed-layered clay 137 
minerals were calculated using NEWMOD© (Reynolds, 1985).  138 
Bulk clays, prepared for quantitative random powder XRD, followed procedures reported 139 
by Eberl (2007). Samples were crushed after drying at 60 °C overnight, and passed through 140 
250μm sieves. Sieved samples were spiked with 20%Al2O3 as an internal standard and 141 
micronized in ethanol using a McCrone Mill then dried at 60 °C overnight. The micronized 142 
samples were then saturated with Vertrel® to ensure random orientation, sieved and side-loaded 143 
into an XRD mount. All powdered samples were analyzed using a Siemens D-500 XRD with 1° 144 
divergence and receiving slits. Powdered samples were analyzed using CuKα radiation, scanning 145 
from 5° to 65° at 0.02° 2θ steps with a 2 second per step count time. Quantitative mineralogy 146 
was calculated using the full pattern peak fitting program RockJock 11 (Eberl, 2007). XRD 147 
patterns were fit from 19-64.5° 2θ and all degrees of fit were <0.09 (supplementary data).  148 
Elemental Analysis 149 
 Prior application of antibacterial clay poultices exhibited bactericidal activity over 24 150 
hour time periods and were changed daily (Williams et al., 2004). Clay mineral leachates were 151 
also prepared to determine the role of soluble cations that may be playing a role in the 152 
antibacterial mechanism (Williams et al., 2011). Aqueous clay leachates were prepared by ultra-153 
sonicating 50 mg/mL or 100 mg/mL of bulk clay samples with deionized water (2 minutes), 154 
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followed by shaking (24hrs) to chemically equilibrate to the same degree represented by poultice 155 
applications, and finally centrifuged (15,000 rpm, 1 hr) to separate minerals from the leachate. 156 
Elemental analyses of mineral leachates were performed using a Thermo X-Series quadrupole 157 
ICP-MS (ASU, W.M. Keck Laboratory for Environmental Biogeochemistry). Samples were 158 
acidified (nitric acid, 0.2 %) prior to analysis. Dilutions of 1:10 and 1:100 were analyzed along 159 
with undiluted samples and calibrated to multi-element reference standards. Certain elements 160 
(e.g., Si and S) are not ionized efficiently by ICP-MS or have interferences, therefore were not 161 
included in the analyses.  162 
Quantitative Assays of Ferric, Ferrous and Total Iron 163 
Mineral leachates were measured for Fe
2+
, Fe
3+
 and total iron immediately after 164 
centrifugation to remove minerals, using a method modified from Anastácio et al., (2008). The 165 
measurement of Fe
2+
 was performed under red photographic bulbs to prevent the photochemical 166 
reduction of the binuclear Fe
3+
-phenanthroline complex to the Fe
2+
-phenanthroline complex 167 
(Komadel and Stucki 1988). For the measurement of Fe
2+ 
a 50-500 µL aliquot of leachate was 168 
added to 1 ml of 2.5 wt. % 1,10 phenanthroline (dissolved in 95% ethanol). The solutions were 169 
then diluted with 1 wt. % sodium citrate. Absorbance was measured with a spectrophotometer at 170 
510 nm after 15 minutes for color development. Measurement of Fe
3+ 
was achieved in the same 171 
manner using 200 µL of 10 wt. % hydroxylamine hydrochloride as a reducing reagent. Stock 172 
solutions of ferrous ammonium sulfate hexahydrate and ferric chloride (200mg/L) were prepared 173 
and acidified using 3.6 N sulfuric acid to produce standard curves ranging from 1-8 mg Fe/L. 174 
Eh, pH and Mineral Titrations 175 
 All Eh, pH and mineral titrations were measured using an Orion Dual Star pH, Eh meter 176 
(LE501 ORP and LE409 pH electrodes). The platinum Ag/AgCl (4 M KCl) Eh electrode was 177 
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calibrated using Zobel solution resulting in a +220 mV offset with respect to a standard hydrogen 178 
electrode. All titrations were run in triplicate using 20 mL of a 100 mg/mL mineral suspension 179 
which was continually stirred and titrated with 0.1 N NaOH in 1 mL increments to a total of 50 180 
mL using a burette. The pH meter was allowed to stabilize 1-5 minutes per addition between 181 
each addition of NaOH. A stability diagram for the Fe-S-O-H system was calculated using the 182 
CHNOSZ program (Dick, 2008).  183 
Cation Exchange Capacity 184 
 Cation exchange capacity (CEC) is a standard measure of the quantity of exchangeable 185 
cations that each clay sample can hold. CEC measurements were determined using 186 
cobaltichexamine chloride (Co(III)-hexamine) absorbance at 470 nm following methods of Aran 187 
et al. (2008) and Derkowski and Bristow (2012). Stock Co(III)-hexamine solutions (14.95 mM, 188 
7.48 mM, 3.74 mM and 1.87 mM) were prepared to measure samples of varying CEC 189 
(Derkowski and Bristow, 2012). Bulk mineral samples were placed in dialysis tubing and rinsed 190 
with 2 L of distilled-deionized (DDI) water 10 times to remove excess cations. Samples were 191 
dried (120 °C overnight) prior to measurement and 0.5-1 g portions were mixed with 25 mL of 192 
the stock solution. Samples were then sonicated for 2 minutes, shaken for 1 hour and centrifuged 193 
(15,000 rpm, 10 min). Absorbance of supernatant solutions (470 nm) allowed measurement of 194 
molar concentration Co(III)-hexamine absorbed by clays. All CEC values are reported as milli-195 
equivalents of charge per 100 g of sample (meq/100g).  196 
Bacterial analysis 197 
Antibacterial Susceptibility Testing 198 
Antibacterial susceptibility testing was performed on bulk mineral samples and aqueous 199 
mineral leachates. Samples were tested for antibacterial effectiveness against E. coli (ATCC 200 
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25922) and S. epidermidis (ATCC 14990). Bulk mineral samples were dried at 60°C, crushed in 201 
a mortar and pestle, passed through a 250μm sieve and autoclaved (121°C, 15psi, 30min) to 202 
sterilize. The mineral samples (200 mg) were mixed with 400µL of bacteria grown to 203 
exponential phase (~5x10
7 
colony forming units per milliliter (CFU/mL)) in Luria-Bertani (LB) 204 
broth and incubated at 37 °C for 24 hours. Triplicate serial dilutions (10-fold to 10
-7
) were plated 205 
on LB-agar plates.  206 
Aqueous leachates were prepared from suspensions of 50 mg/mL or 100 mg/mL of the 207 
bulk clay samples in deionized water, equilibrated 24 hrs (Williams et al., 2011). The aqueous 208 
leachates were separated from minerals by centrifugation as discussed above, then mixed with 209 
bacteria in log phase growth in LB (5x10
7
CFU/mL) in a 1:1 ratio by volume, incubated at 37°C 210 
for 24 hours then plated in LB agar and incubated for colony counting.  211 
Transmission Electron Microscopy (TEM) 212 
 TEM imaging of bacteria, performed in a time series after mixing of cultures with 213 
mineral suspensions, provided visual evidence for physical changes to bacterial cellular 214 
membranes and internal structures as cells succumb to the clay-mediated bactericidal processes. 215 
Bulk clay suspensions (100 mg/ml) were equilibrated over 24 hrs of shaking, and allowed to 216 
flocculate for 30 minutes forming a dilute mineral suspension. The reason for leaving some 217 
minerals in suspension was to look for attraction between the mineral and bacterial cells. 218 
Meanwhile, 10 mL of  E. coli and S. epidermidis log-phase cells, (~5x10
7
 CFU/ml) were pelleted 219 
by centrifugation (5000 rpm for 5 mins) and re-suspended in isotonic sodium chloride (0.85% 220 
NaCl) three times to remove LB-broth. The pelleted cells were then exposed to 10 mL of the 221 
dilute mineral suspension in aqueous leachate and 2 mL aliquots were sampled after 2 hrs, 8 hrs 222 
and 24 hrs.  223 
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Aliquots of the reacted bacterial mineral suspensions were pelleted and chemically fixed 224 
using a 2.5 % glutaraldehyde solution buffered with PBS and stored at 4 °C overnight. Cells 225 
were then pelleted in 0.8 % low-melting point agarose to maintain the cells in dense aggregates. 226 
The  cell pellets were subsequently fixed for 2 hours using PBS-buffered 1 % osmium tetroxide, 227 
block-stained with aqueous 0.5 % uranyl acetate (overnight) and thoroughly washed in de-228 
ionized water three times to remove all salts. The cells were slowly dehydrated using anhydrous 229 
acetone. Spurr’s low viscosity epoxy resin (Spurr, 1969) was used to infiltrate and embed the 230 
cells. The cells were then transferred into silicon molds and polymerized at 70 °C for 8 hours. 231 
The resin blocks were sectioned using a Leica Ultracut-R ultramicrotome and a diamond knife. 232 
Ultrathin sections were cut to 60 to 70  nm thickness and mounted on Formvar coated TEM grids 233 
(Lawrence et al., 2003; Liss et al., 1996). A final staining with 2 % uranyl acetate and Sato’s lead 234 
citrate (Hanaichi et al., 1986) was performed prior to imaging. TEM images were collected using 235 
a Philips CM12 transmission electron microscope operated at 80 kV (Arizona State University, 236 
Bio-imaging Facility).  237 
Scanning Transmission Electron Microscopy (STEM) 238 
Bacteria–mineral suspensions were also imaged using STEM and electron energy loss 239 
spectroscopy (EELS) to determine the elemental composition of intracellular precipitates. 240 
Aliquots of the bacterial-mineral suspensions were pelleted after reacting for 24 hours at 37 °C. 241 
Samples were then fixed using a BalTec HPM010 high-pressure freezer and freeze substituted 242 
using 2 % osmium tetroxide, embedded in Spurr’s resin, sectioned (60 nm) and mounted on Cu 243 
TEM grids (Spurr, 1969; Walther and Ziegler, 2002). Osmium tetroxide was the only stain used 244 
during fixation to avoid additional electron scatter from lead citrate and uranyl acetate during 245 
EELS analysis. STEM images and EELS were collected using a JEOL 2010F TEM/STEM at 246 
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200 kV and a resolution of 0.5 eV to image O-K edge and Fe-L2,3 and 0.3 eV to determine the 247 
redox state of the Fe-L2,3 edges (Arizona State University, LeRoy Eyring Center for Solid State 248 
Science).  249 
Results 250 
Quantitative X-ray Diffraction 251 
The mineralogy of the OMT deposit (Table 1; Fig. 2) is dominated by mixed-layered 252 
illite-smectite clay minerals (43-53 %) and quartz (36-49 %). NEWMOD modeling (Reynolds, 253 
1985) of the < 2.0 µm oriented glycolated XRD patterns indicates that all samples contain a 254 
complex mixture of various illite-smectite interlayering (Meunier, 2005). Mixtures of 95 % illite-255 
smectite (IS) (R>3) and 70% IS (R>1) provided the best fits using RockJock 11 and NEWMOD 256 
(Supplementary data). 257 
Samples from the upper oxidized zones (Red and White) located stratigraphically above 258 
the Blue zone contained no measureable pyrite. The main iron-bearing mineral phase within Red 259 
zones is goethite. In addition to the I-S, minor kaolinite and chlorite are present in the Red zone. 260 
The White zone sample contained 6.3 % smectite in addition to the I-S and trace kaolinite. The 261 
Blue samples from the un-oxidized zone each contain several weight percent pyrite, a potential 262 
source for Fe
2+
. Secondary minerals gypsum, jarosite and goethite are present as well and these 263 
are characteristic of acid mine drainage environments (Murad and Rojik, 2004; 2005). 264 
Plagioclase feldspars (albite, andesine, anorthite) from the host andesite are identified in all of 265 
the samples.   266 
Antibacterial susceptibility testing  267 
Results from the in vitro antibacterial susceptibility testing (Fig. 3 a,b) show that bulk 268 
mineral suspensions (500 mg/ml) of the OMT Blue samples (Blue 1 and 2) were completely 269 
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bactericidal against E. coli and S. epidermidis. The White sample reduced the population of E. 270 
coli and S. epidermidis by 56% and 29%, respectively, while the Red sample did not affect 271 
growth compared to the 24hr control, grown without clays.  272 
Results from experiments with aqueous leachates are shown for comparison (Fig. 3 c,d). 273 
Different concentrations of the Blue clays were tested to discern differences in their antibacterial 274 
potency. The 100 mg/mL and 50 mg/mL leachates from the Blue 1 sample were completely 275 
bactericidal against both bacterial species. The 100 mg/mL leachate from the Blue 2 sample was 276 
also bactericidal, but the 50 mg/mL leachate from Blue 2 only inhibited bacterial growth by 75% 277 
and 65% for E. coli and S. epidermidis, respectively. Leachates from the White sample (100 278 
mg/mL) were not antibacterial (results not shown).  279 
Leachate Chemistry and Elemental Analysis 280 
Results from the ICP-MS elemental analysis are given in Table 2, along with published 281 
minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) for 282 
metals tested against E. coli (Nies, 1999; Harrison et al., 2005). MICs and MBCs are used to 283 
measure the antibacterial potency of a compound. The MIC is defined as the lowest 284 
concentration of an antibacterial compound that prevents visible bacterial growth (optical density 285 
at 600 nm) in nutrient broth. The MBC is defined as the minimum amount of an antibacterial 286 
compound which causes a 99.9% reduction in bacterial growth measured by plating and CFU 287 
counting (Wilson et al., 1990; Harrison et al., 2005). The Blue1 and Blue 2 leachates each 288 
contained mM levels of Fe, Al and Ca (Table 2). No MIC or MBC is reported for Fe and Ca 289 
because these elements are generally bacterial nutrients (Nies, 1999; Harrison et al., 2005). The 290 
Blue 1 leachate was above the 2 mM MIC for Al at both mineral: fluid ratios tested (50 mg/ml 291 
and 100 mg/ml) while the Blue 2 leachate only surpassed the MIC in the 100 mg/mL leachate. 292 
 
 
14 
Concentrations of other potentially toxic elements (Ag, As, Cd, Co, Cr, Cu, Ni, Mn, Pb, V and 293 
Zn) are well below published MIC and MBC values.  294 
In studies of human pathogens, the toxicity of iron is traditionally not considered due to 295 
its low solubility (10
-18 
M) at circumneutral pH. However, the natural mineral-water suspensions 296 
studied here have distinctly different solution pH and Eh, which influence the solubility of 297 
metals. The pH and Eh measurements for the OMT Blue and White samples (Table 2) ranged 298 
from 2.5 to 3.1, and 630.4 to 705.8 mV, respectively. The Red sample showed the highest pH 299 
(6.5) and lowest Eh (448.7 mV).  300 
The results from the ferrous and ferric iron assay (Fig. 4) show the presence of both Fe
2+ 301 
and Fe
3+
 in 100 mg/ml leachates of the Blue 1, 2 and White samples, with no measureable Fe
2+
 302 
in the Red (most oxidized) sample near neutral pH, given a detection limit of 1 µM. The Blue 1 303 
and 2 samples contain ferrous iron in approximately equal proportion to ferric iron. The Blue 1 304 
leachate contained the greatest amounts of iron with 9.04 mM Fe
3+ 
and 9.44 mM Fe
2+
 while the 305 
Blue 2 leachate had 3.28 mM Fe
3+
 and 3.35 mM Fe
2+
. The White leachate contained 0.50 mM 306 
Fe
3+ 
and 0.22 mM Fe
2+
. 307 
Electron Microscopy 308 
 Figure 5 compiles the TEM images of E. coli and S. epidermidis cells in their initial 309 
healthy condition, and in time series (2, 8 and 24hrs) after incubation with the bactericidal Blue 1 310 
mineral suspension (100 mg/ml). The presence of intact bacterial cell membranes indicates that 311 
cell lysis is not the main antibacterial mechanism; however membrane permeability may still be 312 
compromised. Both bacterial species accumulated extracellular mineral particles (20-100 nm 313 
diameter), which did not appear to disrupt the cell walls, however textural differences are 314 
observed in the response of the gram-negative and gram-positive cells over time. E. coli cells 315 
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exhibited greater changes in their cell morphology than S. epidermidis. Cytoplasmic 316 
condensation occurred in E. coli after 8 and 24 hours (Fig 5 c, d) resulting in electron transparent 317 
voids and small (5-10 nm) particles throughout the cytoplasm similar to those reported by 318 
Williams et al. (9). The S. epidermidis cells develop a less electron dense region surrounding the 319 
cell envelope after 2 hours of reaction (Fig. 5f). After 8 and 24 hours (Fig. 5 g, h) the S. 320 
epidermidis cells regain contrast in their cell walls and display adhesion of (<5nm) mineral 321 
particles. After 8 and 24 hours both E. coli and S. epidermidis cells show an electron dense zone 322 
surrounding their cell walls. The S. epidermidis cells also show hair like wisps on the exterior 323 
cell walls (Fig. 5 f, g, h).   324 
 The composition of the intracellular particles was measured using STEM-EELS. Figure 6 325 
shows STEM dark field images of E. coli cells reacted with a Blue 1 mineral suspension (100 326 
mg/ml) and fixed using high pressure freezing. EELS measurements of intracellular and 327 
extracellular particles reveal the presence of O-K edge and Fe-L2,3 edge spectra. Accumulations 328 
of mineral particles outside the cell appear to be 20-100nm Fe-oxide particles (Fig. 6 a). The 329 
intracellular nanoparticles are smaller in size (< 10 nm) and are also Fe-oxides. A second EEL 330 
spectrum of the intracellular particles was measured at a resolution of 0.3 eV revealing only Fe
3+
 331 
particles at 709.5 eV (Fig. 6 d). Other elements that may play a role in antibacterial processes 332 
(e.g., Al, Ag, Cu, Zn) were not detected intracellularly. 333 
Cation Exchange Capacity 334 
 CEC measurements of the bulk minerals and < 2µm clay fractions are shown in Fig. 7. 335 
The bulk mineral samples exhibited similar CEC with values ranging from 14.5 meq/100 g to 336 
19.1 meq/100 g. Measurements of the clay-sized fraction showed slightly higher CEC for all 337 
clays due to an increased concentration of phyllosilicates in this size fraction. The highest CEC 338 
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(33.4 meq/100 g) is observed in the < 2µm clay size fraction of the White sample that contains 339 
6.3 wt.% smectite (Table 1). 340 
Mineral Titrations 341 
 The pH buffering capacity of the mineral suspensions was determined using NaOH 342 
titration of 100 mg/ml bulk clay suspensions. Titration curves for each sample are shown in Fig. 343 
8. The Blue 1 sample has the highest buffering capacity because it takes more base addition to 344 
change the pH. Solutions from the Blue samples may be buffered by the hydrolysis of Fe
3+
 (pH 345 
<3.8), Al
3+
 (pH 3.5-4.5) and Fe
2+
 (pH 5.5-6.5) cations (Dold, 2005; Totsche et al., 2006). The 346 
less antibacterial Blue 2 and White samples had lower buffering capacity compared to Blue 1. 347 
The Red sample showed no buffering capacity. Zones for Fe2+, Fe3+ and Al3+ buffering capacity 348 
shown in shaded regions (Fig. 8) (Dold, 2005; Totsche et al., 2006).  349 
Discussion 350 
Antibacterial effectiveness 351 
In this study, the mineralogy, solution chemistry and antibacterial activities were 352 
compared between samples representing different mineral alteration zones within the OMT clay 353 
deposits. We proposed that antibacterial activities relate to the mineralogy and redox state of the 354 
hydrated clays when applied to pathogenic bacteria. To test this, we measured the antibacterial 355 
effectiveness as a function of mineralogical changes and chemical variables across the deposit. 356 
The level of antibacterial activity correlates with mineralogical variables controlling pH and 357 
redox conditions which, in turn influence element solubility and exchange between minerals and 358 
bacteria.  359 
Clays in natural geologic environments represent diverse mixtures of minerals <2µm in 360 
diameter (Moore and Reynolds, 1997). When antibacterial clays are hydrated with DDI water, a 361 
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series of spontaneous reactions occur as a new chemical equilibrium is approached (Williams et 362 
al., 2008).  These conditions are different from those established within the natural geologic 363 
setting. Results from our antibacterial susceptibility testing and quantitative mineralogy indicate 364 
that samples containing pyrite (Blue 1 and 2) are the most antibacterial (Table 1; Fig. 3). 365 
However, the White sample, which does not contain pyrite or any other detectable sulfides, still 366 
prevented bacterial growth (Fig. 3). The Red sample was not antibacterial and contained no 367 
measurable pyrite, but did contain the Fe-oxide goethite (3.4 %), a common pyrite oxidation 368 
product (Hutchinson and Ellison, 1992).  369 
The consistently high abundance of Fe associated with the most antibacterial OMT 370 
samples point to its involvement in the bactericidal process. While the most potent antibacterial 371 
sample (Blue 1) contains the highest amount of soluble Fe
2+
 (9.5 mM) in its leachate, the Blue 2 372 
contains only 3.45 mM of soluble Fe
2+
, even though the clay contains 1.5 wt% more pyrite than 373 
Blue 1. These data suggest a different solubility of Fe
2+ 
between these samples from the same 374 
Blue zone.  The difference can be due to mineralogy or redox conditions. There are two iron 375 
sulfide morphologies; discrete pyrite crystals (20-40 μm) and amorphous nanometric iron 376 
sulfides spherules (~20 nm) (Williams et al., 2011). If Blue 2 contains a greater amount of 377 
crystalline pyrite it would be less soluble than the amorphous iron sulfide. Alternatively, the 378 
lower Fe
2+
 content of Blue 2 could result from its higher oxidation state (Table 2) that may favor 379 
the precipitation of iron bearing mineral phases, thus lowering the total Fe in solution. The 380 
precipitation of secondary minerals such as jarosite, uniquely present in the Blue 2 sample (1.5 381 
wt.%), can lower pyrite oxidation rates by coating the pyrite (Hutchinson and Ellison, 1992; 382 
Murad and Rojik, 2005). The oxidation of pyrite results in a cascade of redox reactions 383 
(discussed below) that lower pH and release both ferrous and ferric iron into solution, impacting 384 
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the metabolism of environmental microbes, in a different way than microbes that evolved to 385 
inhabit humans (Garrels and Thompson, 1960; Nies, 2003). 386 
It is important to note that, while the OMT Blue clays are antibacterial against a broad 387 
spectrum of human pathogens, (Cunningham et al., 2010), there are environmental microbes that 388 
have evolved to survive in the natural environment and are metabolically active in the clay. 389 
Isolation of environmental microbes from an OMT Blue sample showed that the genus 390 
Burkholderia comprises the majority of bacteria living in the low pH, metal-rich conditions 391 
(pers. comm. Weimin Gao, ASU Biodesign Institute). The genus Burkholderia is metabolically 392 
diverse and contains 58 species (Bhowal and Chakraborty, 2011). Isolates of Burkholderia have 393 
been found in acidic soils (pH 2.9), iron ores, and acid mine drainage (pH 1.5-3) (Valverde et al., 394 
2006; Church et al., 2007; Bhowal and Chakraborty, 2011). Burkholderia growing in acid mine 395 
drainage settings are chemolithoautotrophic and oxidize thiosulfate to sulfate (Bhowal and 396 
Chakraborty, 2011). Acidophilic bacteria exhibit more robust metal efflux systems and different 397 
membrane lipid compositions compared to human pathogenic bacteria, which evolved to survive 398 
in iron-limited environments (Ratledge and Dover, 2000; Nies, 2003). 399 
Given that human pathogens evolved to thrive under circumneutral pH conditions with 400 
limited Fe availability, one might suspect that acidic, metal-rich conditions imposed by topical 401 
application of OMT Blue clays would compromise cell integrity. However, TEM images (Fig. 5) 402 
do not support cell lysis as a dominant antibacterial mechanism for OMT clays. While many 403 
antibacterial agents damage peptidoglycan peptide linkages and induce lysis, (Silhavy, 2010), the 404 
OMT bacterial cells treated with OMT Blue clays maintain their rigidity and structure. 405 
Accumulation of mineral particles around bacterial cells did not appear to penetrate cell walls or 406 
disrupt the peptidoglycan layers (Fig. 5), but both E. coli and S. epidermidis cells showed 407 
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cytoplasmic condensation, and intracellular accumulation of <10 nm electron dense particles. 408 
The S. epidermidis appeared more resistant to cytoplasmic condensation and had fewer 409 
cytoplasmic particles. An electron transparent region surrounding the S. epidermidis cells 410 
appeared after 2 hours (Fig. 5f), which could result from secretion of a protective layer of 411 
polysaccharides (N-acetyl-glucosamine) that has been reported to allow S. epidermidis cells to 412 
adhere to surfaces and resist environmental stress (Gotz, 2002). These polysaccharides appear 413 
transparent because none of the chemical stains used in TEM preparation (osmium tetroxide, 414 
lead citrate and uranyl acetate) bind to these exo-polysaccharides to provide contrast. This layer 415 
is not observed at longer incubation times; suggesting that the defense mechanism failed and 416 
infiltration of toxins began.  417 
Williams et al. (2011) suggested that a flood of Fe
2+
 through the cell wall might have 418 
generated intracellular reactive oxygen species (ROS) responsible for the cytoplasmic 419 
condensation, resulting in precipitated Fe
3+
 nano-particles, however the composition of the 420 
electron dense particles was not confirmed. Here, results from the STEM-EELS confirm that 421 
these particles are composed of iron and oxygen (Fig. 6). Rapid Fe
2+
 uptake and oxidation to 422 
Fe
3+
 is likely responsible for the intracellular Fe-oxide nanoparticles due to the fact that Fe
2+ 
is 423 
taken into the cell with rapid unspecific chemiosmotic uptake mechanisms while Fe
3+
 requires 424 
siderophore based transport (Nies, 2003). If cytoplasmic Fe
2+
 levels exceed cellular demand 425 
oxidation to Fe
3+
 and storage in ferritin occurs in order to keep free Fe
2+
 at low concentrations 426 
(Smith, 2004). The influx of Fe
2+ 
into the cell could overwhelm iron storage proteins potentially 427 
leading to toxic levels of free Fe
2+
, while oxidation leads to precipitation of iron oxide 428 
nanoparticles which cannot be removed by efflux. As these intracellular iron nanoparticles are 429 
precipitating, ROS may also be generated leading to more oxidizing conditions inside the cell. 430 
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The STEM-EELS and EDS (data not shown) analysis did not reveal the presence of intracellular 431 
Al
+3
, nor have bulk analytical methods indicated that Al
3+
 is entering the cell (Williams et al., 432 
2011). Trivalent Al does not normally diffuse through cell walls (Neis, 1999) and if it is chelated 433 
and makes it through the membrane, the cells quickly expel it (Williams, 1999). At low pH 434 
(<4.5) AlOH
2+
 may be stable on the cell wall, competing with Ca
2+
 binding sites, and can lead to 435 
precipitation of aluminosilicates (Urrutia and Beveridge, 1995). 436 
Cation Exchange 437 
In low pH (<4) acid mine drainage smectite has been shown to fully dissolve (Galan et 438 
al., 1999). However, kaolinite and illite show little change in their crystal chemistry when 439 
exposed to these acid conditions (Galan et al., 1999; Shaw and Hendry, 2009). The mixed-440 
layered illite-smectite found in the OMT deposit may be more resistant to acid dissolution 441 
because of its high illite content (>70%; Table 1), while the smectite is protected by the 442 
surrounding illite, allowing the expandable interlayer to act as a reservoir for exchangeable 443 
cations. Therefore, if dissolution of pyrite supplies abundant Fe
2+
, it may be adsorbed in the 444 
expandable smectite interlayers. The pH in the interlayer of expandable clay minerals can be 445 
several log units lower than that of the bulk (external) solution (Yariv, 1992; Yariv and Cross, 446 
2002). The lower acidity of the interlayer may slow the oxidation rate of reduced iron (Singer 447 
and Stumm, 1970).  448 
Exchangeable Fe
2+
 in illite-smectite from a natural deposit would be released from the 449 
smectite when DDI water is added to make a clay poultice. Therefore, the I-S in the antibacterial 450 
clay may both buffer the fluid to stabilize reduced iron and act as a potential reservoir. The 451 
cation exchange capacity of the clay minerals coupled with pyrite dissolution could explain the 452 
elevated cation levels measured in the leachates of the Blue samples. The average CEC 453 
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measurements of the bulk minerals (Fig. 7) indicate µM levels of cations can be exchanged by 454 
the clay mineral interlayer spaces. Considering the composition of the mineral leachates, Ca
2+
 455 
and Fe
2+
 are most likely to participate in the exchange process over trivalent cations (Fe
3+
 and 456 
Al
3+
). Since Ca
2+
 is a preferred cation in the smectite interlayer (Moore and Reynolds, 1997), it 457 
could displace Fe
2+
 from exchange sites. 458 
As an example, consider the water chemistry associated with the White clay from OMT. 459 
This clay, in suspension, has some antibacterial effect (Fig. 3 a,b), but the aqueous leachate is 460 
only antibacterial at high mineral loading (500 mg/ml; data not shown). Given the CEC of this 461 
clay (Fig. 7), and the measured cation content of its leachate, we calculate that the smectite 462 
interlayer ‘reservoir’ could hold up to 750 µM Fe2+ at a 500mg/ml mineral:water ratio. We tested 463 
the ability of smectite to be a reservoir for Fe
2+
 by saturating a standard smectite (SWy-1; 464 
Wyoming bentonite from the Clay Minerals Repository, Purdue Univ.) with Fe
2+
. Antibacterial 465 
susceptibility testing with the Fe
2+
-saturated smectite also showed no bacterial colonies 466 
surviving. This test confirms that smectite can be a reservoir of Fe
2+
 that is antibacterial when 467 
released by cation exchange. 468 
Iron sulfides and reactive oxygen species (ROS) 469 
The dissolution of pyrite, under circum-neutral to alkaline pH conditions, is a function of 470 
the dissolved molecular O2 content according to Reaction 1 (below). However, Fe
3+
 is the major 471 
oxidant in acidic (pH<4) conditions (Reaction 2) (Moses and Herman, 1991; Evangelou, 1995). 472 
Pyrite oxidation rates by Fe
3+
, at pH <4, are therefore limited by oxidation rates of ferrous iron 473 
(Fe
2+
) in solution by dissolved O2, (Garrels and Thompson, 1960; Singer and Stumm, 1970), 474 
with a rate constant of approximately 10
-3
 mole/L min (Reaction 3) (Morgan and Lahav, 2007; 475 
Stumm and Morgan, 1996). Cohen et al., (2006) showed that pyrite spontaneously generates 476 
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ROS through a series of intermediate reactions (Reactions 4-6). Superoxide anions (•O2
- 
) and 477 
hydrogen peroxide (H2O2) are respectively produced via the Haber-Weiss reactions (Reactions 4 478 
& 5), and ultimately form hydroxyl radicals (•OH) via the Fenton reaction (Reaction 6) (Rimstidt 479 
and Vaughan, 2003; Cohen et al., 2006; Schoonen et al., 2010). Pyrite, being a semi-conductor, 480 
has the ability to exchange 2 electrons (Schoonen et al., 2010) and directly forms hydrogen 481 
peroxide. Pyrite oxidation, known to cause nucleic acid degradation by •OH radicals, rapidly 482 
reacts with biomolecules and impedes certain cellular functions (Cadet et al., 1999: Cohn et al., 483 
2006). Exploring these reactions involving ROS might explain the observed bactericidal activity 484 
caused by OMT Blue samples. 485 
Stable Reactions: 486 
2 FeS2 + 7 O2 + 2 H2O  2 Fe
2+
 + 4 SO4
2-
 + 4 H
+    
(1) 487 
FeS2 + 14 Fe
3+
 + 8 H2O 15 Fe
2+
 + 2 SO4
2–
 + 16 H
+  
(2) 488 
Fe
2+
 + O2 + 2H
+
  Fe3+ + 2 H2O     (3) 489 
Intermediate Reactions: 490 
Fe
2+
 + O2  Fe
3+
 + •O2
– 
     (4) 491 
Fe
2+
 + •O2
-–
+ 2 H
+  Fe3+ + H2O2  
 
   (5) 492 
Fe
2+ 
+ H2O2  •OH + OH
–
 + Fe
3+ 
    (6) 493 
Toxicity of mineral leachates  494 
All metal concentrations in mineral leachates when reacted with bacteria in a 1:1 ratio are 495 
below published MBCs for E. coli (Table 2, Nies, 1999, 2000, 2003; Harrison et al., 2005), 496 
which were measured at circumneutral pH. However not only the metal concentration, but its 497 
speciation, which is a function of pH and Eh, is important to consider as this determines the 498 
chemical reactions that may affect bacterial cell viability. Calcium is very high in the OMT 499 
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mineral leachates because of the high Ca primary feldspars and their alteration products. It is not 500 
considered a toxic element (Borrok et al., 2004). Due to the high concentrations of Fe and Al in 501 
the antibacterial clay leachates we determined their MIC and MBCs at the pH and Eh of the 502 
aqueous leachates. 503 
Antibacterial susceptibility testing and analysis of the leachate chemistry allows 504 
estimation of MIC and MBC values for mixtures of these potentially toxic elements. The MIC 505 
and MBC values for mixtures of  Al
3+
, Fe
2+
 and Fe
3+
 were calculated from the Blue 2 leachate 506 
elemental analysis, ferrous/ferric iron assay and antibacterial susceptibility testing of leachates 507 
reacted in a 1:1 ratio (Cells in LB:leachate). Calculation of the ferrous/ferric iron MIC’s and 508 
MBC’s were achieved using the Fe2+:Fe3+ ratio of the Blue 2 sample (1.02) and ICP-MS data. 509 
The MIC’s values for Al3+, Fe2+ and Fe3+ are 550 µM, 753 µM and 724 µM respectively. While 510 
the MBC values for Al
3+
, Fe
2+
 and Fe
3+
 are 1.2 mM, 1.8 mM and 1.7 mM respectively. The 511 
dissolution of pyrite in the OMT Blue samples explains the low pH and presence of both Fe
2+
 512 
and Fe
3+
 in the aqueous leachates. It is not possible to determine how much dissolution of the 513 
clay components has occurred in 24hrs of mineral leaching, however, dissolution of the nano-514 
scale amorphous iron sulfides, coupled with desorption of Fe
2+
 from smectite interlayers likely 515 
provide most of the aqueous Fe
2+
. Notably, the leachates contain complex cation mixtures (Table 516 
2) that may work synergistically to produce the observed bactericidal activity at lower MIC and 517 
MBC concentrations than reported in previous studies (Nies, 1999; Harrison, 2005). The 518 
majority of studies on bacterial metal toxicity utilize buffered nutrient broth near circumneutral 519 
pH, which likely alters the redox state and causes pH-sensitive metals to precipitate (Nies, 1999; 520 
Harrison, 2005). Clearly, exposure of bacterial cells to metal concentrations exceeding microbial 521 
demand requires rapid homeostatic responses to prevent cell death.  522 
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Bacterial cells exposed to elevated metal concentrations rapidly express various uptake 523 
systems that attempt to moderate toxic metal entry into the cytoplasm (Nies, 1999). Metal 524 
resistance systems rely primarily on efflux mechanisms to actively remove intracellular metals 525 
(Mullen et al., 1989). More energetically demanding methods of metal resistance include 526 
complexation onto thiol-containing molecules and alteration of redox to allow toxin efflux (Nies, 527 
1999). Bacterial cells exposed to Fe
2+
, Fe
3+
 and Al
3+
 in the presence of ROS are subject to lipid 528 
peroxidation and oxidation of membrane proteins (Hailwell and Chirico, 1993; Gutteridge, 1995; 529 
Tang et al., 2000; Cabiscol et al., 2000). Lipid peroxidation by Fe2+ has also been shown to 530 
increase in the presence of other divalent and trivalent cations (Al
3+
, Fe
3+
, Pb
2+
) by potentially 531 
altering lipid membrane structure to promote peroxidation (Gutteridge et al., 1995; Auroma et 532 
al., 1985). The chemical mechanism that produces the observed antimicrobial action is still under 533 
investigation, but this comparative study of the mineralogical and chemical constraints on the 534 
process leads us to focus on the chemistry of iron in pathogenic bacteria and the chronic wound 535 
environment. 536 
Medicinal applications of natural minerals  537 
Finally, we can use the information gathered in this study to propose a medicinal 538 
application of natural clays, or the chemical process(es) they promote, toward wound healing. 539 
Chronic non-healing wounds typically exhibit more alkaline pH levels than acute wounds 540 
(Leveen et al., 1973; Gethin et al., 2007). The surface pH of healthy skin cells is slightly acidic 541 
(pH 4-6.3) which lowers potential bacterial colonization levels (Lambers, 2006; Schneider et al., 542 
2007). High bacterial populations in chronic wounds shift the environment to more alkaline pH 543 
(7.3-8.9) and only heal upon transition to more acidic pH (5-6) conditions (Leveen et al., 1973; 544 
Gethin et al., 2007; Schneider et al., 2007). This increased alkalinity decreases the release of 545 
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oxygen from hemoglobin, (Gethin, 2007; Leveen et al., 1973) causing a more reduced 546 
environment with Eh values ranging from -140 mV to -400 mV (Bullen et al., 2006). In healthy 547 
muscle tissue, Eh values are ≥300 mV, which helps keep iron oxidized (Fe3+) and bound in 548 
transferrin (Bullen et al., 2006). When wound Eh falls below -140 mV (at pH 7.3-8.9), Fe
3+
 is 549 
reduced to Fe
2+
 and no longer bound by transferrin.  This makes Fe
+3
 available for bacterial 550 
metabolic activities (Bullen et al., 2006).  551 
Conventional thinking is that Fe
3+
 within chronic wounds is a limiting nutrient for 552 
bacterial growth due to its low solubility (10
-18 
M) at physiological pH (~7) (Ratledge and Dover, 553 
2000). Iron in mammals is transferred in the blood stream by the proteins transferrin and 554 
hemoglobin while cellular storage occurs within ferritin. Pathogenic bacteria access this Fe 555 
through direct contact and siderophore production, which ultimately leads to host cell breakdown 556 
(Ratledge and Dover, 2000). Use of iron chelating compounds prevents pathogenic bacterial use 557 
of intracellular Fe, and has been employed as a treatment option (Taylor et al., 2005). In contrast 558 
to the conventional medical strategy of limiting bacterial iron supplies, recent evidence suggests 559 
that excess iron levels can perturb biofilm formation by repressing pathogen virulence factor 560 
formation (Harrison et al., 2005; Musk et al., 2005). Therefore, careful applications of natural 561 
minerals generating excess soluble iron, may similarly limit pathogenic bacterial growth and/or 562 
biofilm development. Furthermore, due to the highly absorptive surfaces of clay minerals 563 
(especially smectite), these clays may aid in wound debridement including removal of abnormal 564 
collagen tissue, and toxic bacterial products (e.g. NH4
+
).  565 
In many clinical trials, chronic wound acidification has been advocated as a treatment 566 
option (Leveen et al., 1973; Gethin et al., 2007; Kaufman et al., 1985) and successfully 567 
eliminated many problems associated with alkaline wound environments (Liu et al., 2002; 568 
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Gethin, 2007; Schneider et al., 2007). Manuka honey and acidified nitrite are examples of 569 
acidifying agents (pH 3-4.5) that have been used in chronic wound care (Gethin et al., 2008; 570 
Weller et al., 2001; 2006). However, acidification with solutions (e.g., 1% acetic acid) can only 571 
maintain an acidic environment for up to an hour, so compounds that buffer an acidic 572 
environment are needed (Leveen et al., 1973; Gethin et al., 2008). Another viable option for 573 
chronic wound healing is hyperbaric oxygen therapy, which raises the tissue oxygen levels 574 
(Leveen et al., 1973: Roth and Weiss, 1994). Although both hyperbaric oxygen and acidified 575 
nitrite can produce damaging ROS and reactive nitrogen species (RNS), these therapies have 576 
been shown to promote skin cell growth (Weller et al., 2001; Alleva et al., 2005; Weller et al., 577 
2006).  578 
Similar to these accepted treatments of chronic wounds, the antibacterial OMT clays, due 579 
to their buffering capacity (Fig. 8) can stabilize an aqueous environment to pH < 4 with elevated 580 
Eh (> 630 mV) relative to chronic wound environments (Fig. 9). The OMT clays are acidic (2.5-581 
3.1) and can potentially maintain lower pH for many hours due to their buffering capacity and 582 
continued release of H
+
 during pyrite oxidation. In mammalian cells macrophages and 583 
neutrophils utilize a burst of ROS to fight invading pathogens (Fang et al., 2004). However, the 584 
alkaline pH levels in chronic wounds lead to hypoxic conditions making such a respiratory burst 585 
of ROS difficult (Roy et al., 2006). The application of antibacterial minerals to wounds may 586 
function in wound healing by lowering the pH of a chronic wound from alkaline conditions 587 
allowing the release of oxygen from hemoglobin while potentially generating reactive oxygen 588 
species resulting in a burst of ROS similar to those utilized by macrophages. Figure 9 shows the 589 
stability fields for the OMT clays relative to that of chronic wounds. Antibacterial samples from 590 
the OMT deposit may shift the pH and Eh in chronic non-healing wounds to a range that favors 591 
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healing while killing invading pathogens. The titration curves plotted, demonstrate the ability of 592 
the antibacterial clays to buffer the Eh, given changes in pH, whereas the non-antibacterial 593 
sample (Red) is not an effective buffer (Fig. 8). The ability of the antibacterial clays to raise the 594 
Eh of a chronic wound and lower the pH to conditions of healthy skin is key to their healing 595 
potential.  596 
Conclusions 597 
Clays are a mixture of <2.0 µm minerals that have equilibrated with pore fluids in natural 598 
geologic environments. Their mineral chemistries are controlled by environmental temperature, 599 
pressure and fluid composition. When clays are taken from natural formations and hydrated at 600 
room temperature and pressure with oxygenated DDI water, as applied to skin infections 601 
(Williams et al., 2004), the minerals re-equilibrate, potentially dissolving (by oxidation) or 602 
exchanging cations and anions. In this novel study, we show that different mineralogical 603 
assemblages within the natural OMT clay deposit demonstrate varying antibacterial effectiveness 604 
on model gram-negative and gram-positive bacteria.   605 
Selecting representative samples from three different alteration zones, within the OMT 606 
deposit, we conclude that samples containing pyrite and mixed-layered illite-smectite (Blue 607 
zone) are the most effective at killing the model pathogens tested (E. coli and S. epidermidis), 608 
however samples without pyrite (White zone) also reduce these bacterial populations by 5 and 3 609 
orders of magnitude, respectively. The mixed-layered illite-smectite plays an important role as a 610 
buffer and reservoir of cations, producing the antibacterial effect observed in clays not 611 
containing pyrite. The dominant illite layers (in illite-smectite) can protect the expandable 612 
smectite layers from dissolution, allowing adsorption of Fe
2+
 (or other transition metals) into 613 
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their stabilizing acidic interlayers. The mixed layered illite-smectite also provides a delivery 614 
mechanism for the release of transition metals while maintaining hydration during application. 615 
Because the hydrated Blue and White clays remained bactericidal over a 24 hr period, 616 
this study focused on fluid chemical changes within this timeframe. The antibacterial 617 
effectiveness correlates with elevated concentrations of Fe
2+
, Fe
3+
, and Al
3+
 in the aqueous 618 
leachates. Un-oxidized Blue samples appeared most antibacterial and released the highest iron 619 
levels (18mM) in their aqueous leachates. All antibacterial clay samples contained Fe
2+
 and 620 
buffered solutions to acidic pH (2.5 –3.1) and oxidizing Eh (630 – 706 mV) conditions. High 621 
levels of aluminum and calcium alone do not explain observed antibacterial activity because they 622 
are below published MICs for the bacteria tested. However, the high Fe
2+
 or combinations of the 623 
other soluble elements with Fe might ultimately control the antibacterial process(es).  624 
Bioimaging of bacteria by TEM, after exposure to aqueous mineral suspensions of the 625 
Blue clay, indicated no evidence of cell lysis; however cytoplasmic condensation and appearance 626 
of electron dense intracellular particles occurred after 8 hrs. These particles were determined to 627 
be Fe-oxides which likely formed from the rapid influx of Fe
2+
, forming ROS that attack cell 628 
components and precipitate Fe
3+
 oxides. However, extracellular attack of the cells appears to 629 
occur as well, as shown by formation of electron dense regions on the cell walls suggesting 630 
adsorption or precipitation of metals. Extracellular adsorption of Fe
+2
, Fe
3+ 
and Al
3+ 
may result in 631 
lipid and protein oxidation increasing membrane permeability, and allowing the influx of toxic 632 
metals. Therefore, it may be a combination of cell wall attack and intracellular reactions that 633 
result in cell death or significant viability loss within the experimental time frames. 634 
Clays containing minerals that buffer solutions to healthy skin pH, Eh conditions and 635 
produce soluble Fe
2+
 could be viable treatment options for chronic (non-healing) wounds 636 
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infected with antibiotic-resistant bacteria. One goal of this work involved characterizing 637 
mineralogical variables related to antibacterial effectiveness and identifying new clay deposits 638 
which exhibit consistent, antibacterial capacities. Such natural deposits may provide cost-639 
effective topical antibacterial treatments, or lead to discovery of new antibacterial mechanisms 640 
that may ultimately benefit the health care industry and developing nations by providing a low 641 
cost topical antibacterial agent that arises from the hydrothermal alteration of volcanic rock. 642 
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 855 
FIGURES 856 
 857 
FIG 1 Field area showing the open pit #10 of the OMT deposit. Solid white lines indicate the 858 
upper limit of the Red and White oxidized zones, which are covered by glacial till. Black arrows 859 
show a magnified image (16 cm marker for scale) of the un-oxidized Blue zone showing 860 
hydrothermally altered andesite. A series of NW-SE faults are present throughout the deposit 861 
along with an intricate stockwork of sulfide-rich black veins. 862 
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 863 
FIG 2 Random powder XRD patterns spiked with internal standard (Al2O3), showing the 864 
presence of quartz (qtz), feldspar (fsp), gypsum (gyp), pyrite (pyr), mixed layered illite-smectite 865 
(IS), kaolinite (Kaol) and chlorite (chl).  866 
 867 
FIG 3 Antibacterial susceptibility testing of OMT mineral samples (500mg/ml) (a,b) and 868 
leachates as indicated (c,d) reacted with E. coli and S. epidermidis for 24 hours. Bacterial control 869 
colony forming units (CFU/ml) were measured at the initial time of reaction with the minerals or 870 
leachates and again after 24 hours.  871 
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 872 
FIG 4 Ferrous and ferric iron levels of 100 mg/mL mineral leachates. Fe
2+
 and Fe
3+
 873 
concentrations (mM) are listed for each sample. The Red sample was below the detection limit 874 
(BDL) of 1µM Fe.  875 
 876 
FIG 5 TEM images of Gram negative E. coli and Gram positive S. epidermidis reacted with 877 
100mg/mL OMT Blue1 mineral suspensions (Scale bars 250 nm). White stars indicate bacterial 878 
nucleoid (a, e). Hollow black arrow shows peptidoglycan layer (e). Solid white arrows indicate 879 
mineral particles and electron dense particles within the cytoplasm (c, d, f). Solid black arrows 880 
point to thread like appendages coated with electron dense particles (f, g).  881 
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 882 
FIG 6 STEM dark field images (contrast reversed from TEM images, Fig. 5) and electron energy 883 
loss (EELS) in eV of E. coli reacted with a 100 mg/ml Blue 1 mineral suspension for 24 hours. 884 
(a) Mineral particles outside the cell range in size from 20-100nm; (b) intracellular particles (<10 885 
nm) are shown in two separate images with 200 nm and 50 nm scale bars; (c ) EELS spectra of 886 
the oxygen K edge (533 eV) and iron L2/3 edge (709.5 eV) with 0.5 eV resolution. Both the 887 
extracellular and intracellular mineral particles are composed primarily of iron and oxygen. The 888 
iron L2/3 edge of the intracellular particles (0.3 eV resolution) reveal the presence of Fe3+ at 889 
709.5 eV; Fe2+ at 707.5 eV, shown in inset (d) was not measurable.  890 
 891 
FIG 7 Cation exchange capacity (CEC) measurements for bulk mineral s and < 2 µm Na-892 
exchanged clay fractions. All results are expressed as milli-equivalents of charge per 100g of 893 
mineral (meq/100g).   894 
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 895 
FIG 8 Titrations of 100 mg/mL mineral suspensions with NaOH (O.1 N). Gray regions outlining 896 
the titration curves represent the standard deviation of each sample run in triplicate. Zones for 897 
Fe
2+
, Fe
3+
 and Al
3+
 buffering capacity shown in shaded regions (Dold, 2005; Totsche et al., 898 
2006). 899 
 900 
FIG 9 Eh and pH mineral stability diagram of the Fe-S-O-H system. Light grey and dark grey 901 
iron stability regions representing 10
-3
M and 10
-6
M concentrations are superimposed. Sulfur 902 
concentrations were kept at 10
-3
M. Eh-pH titrations using 0.1N NaOH and 100 mg/mL mineral 903 
suspensions of OMT samples are shown by solid and dashed lines (legend). Dashed ovals 904 
represent the Eh and pH values found in chronic non-healing wounds, versus healthy skin 905 
(Leveen et al., 1973; Gethin, 2007; Bullen et al., 2006). 906 
 907 
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TABLES 908 
Table 1. Mineralogy of OMT mineral deposit 
measured by quantitative X-ray diffraction using 
RockJock 11. Minerals not detected listed as (n.d.). 
 Blue 1 Blue 2 White Red 
Mineral Wt. % Wt. % Wt. % Wt. % 
Quartz 41.1 44.6 48.5 36.3 
Pyrite 3.0 4.5 n.d. n.d. 
Gypsum 1.2 0.8 2.7 n.d. 
Jarosite n.d. 1.5 n.d. n.d. 
Goethite n.d. n.d. n.d. 3.4 
Albite n.d. 0.4 1.7 4.4 
Andesine 1.2 n.d. 0.6 0.2 
Anorthite 1.2 0.6 0.6 n.d. 
Total (non-clays) 47.7 52.4 54.1 44.3 
Kaolinite n.d. 0.4 0.2 4.7 
Chlorite (Fe-rich) n.d. n.d. n.d. 3.5 
Smectite (Ca) n.d. n.d. 6.3 n.d. 
Illite-smectite n.d. n.d. n.d. n.d. 
(R>1, 70-80% I) 22.9 45.7 21.6 40.9 
(R>3, 95% I) 26.9 n.d. 15.0 3.7 
Total (clays) 49.8 43.4 43.1 52.8 
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 919 
 920 
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Table 2. ICP-MS elemental analysis and pH of mineral leachates from clay/fluid concentrations indicated 
(mg/ml). Elemental concentrations are reported in micro-molarity (μM). All bacteria growing in LB were 
reacted with leachates in a 1:1 ratio. 
 
Element 
Blue 1 Blue 1 Blue 2 Blue 2 White Red Ion E. coli 
100mg/mL 50mg/mL 100mg/mL 50mg/mL 100mg/mL 100mg/mL Species aMIC bMBC 
Na 67.07 36.09 29.78 16.6 39.1 43.4    
Mg 1128.28 568.84 410.88 213.7 274.3 13.8    
Al 5047.86 2451.87 2337.34 1097.2 456.3 54.4 (Al
3+
) 2000
 
19000
 
P 277.92 79.44 110.47 22.2 1.7 1.20    
K 34.69 25.46 15.18 11.5 44.2 11.8    
Ca 6617.68 3419.08 2015.89 1054.5 11176.1 35.8    
Ti 0.89 0.45 0.27 0.12 0.28 2.81E-02    
V 2.07 1.1 2.18 0.79 4.73E-03 2.67E-02 (V
3+
) 5000  
Cr 1.22 0.68 0.59 0.25 0.12 1.15E-02 (Cr
3+
) 5000  
Mn 45.6 22.6 7.1 3.51 11.8 0.19 (Mn
2+
) 20000
 
198000
 
Fe 18030.4 9752.8 7052.7 2954.3 728.7 11.9  --- --- 
Co 11.4 5.8 3.73 1.92 0.40 2.75E-03 (Co
2+
) 1000  
Ni 11.8 6.1 5.6 2.85 0.38 8.67E-03 (Ni
2+
) 1000 17000
 
Cu 11.7 6.0 4.1 2.21 1.9 4.27E-02 (Cu
2+
) 1000 16000 
Zn 4.3 2.2 5.7 2.96 2.8 9.57E-02 (Zn
2+
) 1000 31000 
As 2.2 0.74 0.46 8.52E-02 BDL BDL (AsO2
-
)  75000 
Se 0.22 0.12 BDL 6.79E-02 4.38E-02 BDL (SeO3
2-
)  13000 
Rb 0.18 0.12 4.21E-02 2.80E-02 6.36E-02 5.85E-03    
Sr 26.8 14.8 2.5 1.28 7.9 0.15    
Zr 5.89E-04 2.06E-04 1.90E-04 0.31 2.61E-04 9.68E-04    
Mo 0.22 0.11 1.01E-01 0.05 2.60E-02 2.49E-03    
Ag 2.44E-04 1.29E-04 6.34E-05 BDL 2.04E-04 7.79E-05 (Ag
+
) 20 60 
Cd 6.84E-03 4.30E-03 4.19E-03 2.12E-03 1.61E-03 BDL (Cd
2+
) 500 2300 
Cs 6.68E-02 4.67E-02 2.41E-02 1.60E-02 5.76E-03 2.34E-03    
Ba 4.86E-02 8.29E-02 0.17 2.03E-01 1.07E-01 1.34E-02    
Hf 7.38E-04 3.80E-04 5.21E-04 2.66E-04 2.25E-04 4.77E-05    
W 6.88E-03 9.19E-04 1.69E-03 BDL 6.02E-04 BDL    
 Au BDL BDL BDL BDL BDL BDL (Au
3+
) 20  
Hg BDL BDL BDL BDL BDL BDL (Hg
2+
) 10 40 
Pb 4.01E-03 2.60E-03 1.07E-02 3.54E-02 3.37E-04 3.04E-04 (Pb
2+
) 5000  
U 2.78E-03 1.36E-03 3.61E-03 1.66E-03 1.84E-03 2.50E-05 (UO2
2-
)   
pH 2.5 2.9 2.9 3.1 3.1 6.5    
Eh (mV) 682.2 661.7 705.8 702.5 630.4 448.7    
a
Minimum inhibitory concentration (MIC) of metals (24 hrs) for E. coli determined using Tris-buffered mineral salts 
medium (pH 7), with 2 g/L Na-gluconate and 1g/L yeast extract (29, 36, 56)   
b
Minimum bactericidal concentration (MBC) of metals (24 hrs) for E. coli determined using Luria-Bertani medium 
enriched in vitamin B1 (30) 
All relative standard deviation values  ≤5% and samples  <10 nM are listed as below detection limit (BDL)   
 922 
